The present study investigated the control of movements in two patients with severe somatosensory dea¡erentation by systematically manipulating the visual information about the produced movements. In a synchronization task requiring the production of ¢nger taps in synchrony with a regular auditory signal, participants controlled their movements under full vision or when the sight of the e¡ector was partially or completely occluded. Results demonstrated large e¡ects of visual feedback on the synchronization performance in the dea¡erented patients. Although the patients' performance di¡ered substantially from that of unimpaired controls under partial or no feedback, their performance was comparable under full vision, the latter suggesting a compensation of the somatosensory loss by visual monitoring. NeuroReport
Introduction
Even though the relevance of visual and proprioceptive information in the temporal control of movements has been demonstrated in a number of empirical studies, the specific contribution of visual information remains unclear. Naturally, proprioceptive reafferents give valid and temporally precise information about the execution of movements, so that additional visual information may not play a primary role in the control of movement in unimpaired persons. In contrast, studies of motor or somatosensory impairments and studies of the acquisition of motor skills have stressed that motor control largely relies on visual information [1] [2] [3] . In this context, the notion of visual proprioception has been discussed, emphasizing the role of vision in providing information about the body's posture and movements [1, 4, 5] . Visual information might even overrule proprioceptive information in case of incompatible information in the two modalities [6] , as illustrated by research on prism adaptation [7, 8] . This implies that visual monitoring of own actions may play the role normally taken by monitoring of one's own actions through tactile and especially kinesthetic information.
The present study draws on this concept in investigating two persons with a severe loss of proprioceptive sensations for large parts of their bodies (IW, GL). Two patients IW and GL are described in the literature with somatosensory deafferentation because of polyneuropathy, resulting in the rare state of a complete loss of cutaneous and kinesthetic sensibility for large parts of the body, in the absence of motor nerve impairment. Comparing the patients' performance with that of healthy controls allowed us to study the specific contribution of visual information to the timing of movements independently of proprioceptive information.
Using the well-established synchronization paradigm that requires participants to produce sequences of finger taps in synchrony with repetitive pacing tones (metronome), the present experiments are based on the typical finding of a negative asynchrony between the tap and the respective tone of the pacing signal of around 20-60 ms (taps preceding the tones). The size of this synchronization error has been shown to vary systematically with the sensory information available from the produced movement (overview in [9] ). We know from previous studies [10] [11] [12] that a negative asynchrony is observed also in deafferented participants and that extrinsic auditory feedback has a strong effect on timing accuracy as compared with healthy controls. On the basis of these findings, the present study asks what happens to the asynchrony effect if visual information about the finger movement is systematically added.
In four experimental conditions, the participants controlled their movements under full vision or when the sight of the effector was (partially) occluded. To this end, the tapping movements were video recorded and presented to the participants on-line on a video screen, systematically manipulating the amount of visual information from the produced movements in four conditions. In healthy controls, we expected to see no substantial difference between these four feedback conditions. Previous findings from methodologically different experiments, although related [10, 12] , did not indicate a major role for natural visual information in healthy participants, so we expected that control participants in the present study would not exploit the additional visual information about movement patterns. The critical question was whether the deafferented patients would show a different pattern. In particular, if the notion of visual proprioception holds for the temporal control of movements, one should expect that patients do make use of the opportunity to visually monitor their movement pattern. Accordingly, the two deafferented participants should successfully perform the task when visual information is provided. Moreover, the availability of visual information should systematically affect the size of the synchronization error.
Methods

Participants
Participants were two deafferented patients, IW and GL, and two groups of healthy controls. All gave informed consent before their inclusion in the study, which has been performed in accordance with the ethical standards of the 1964 Declaration of Helsinki. The control groups included eight women and three men who are students aged 26 years (20-34) and seven women and three men aged 52 years (46-60) who were age matched to the patients; all were righthanded by self-report and had no history of neurological or sensorimotor impairments.
IW, a 48-year-old left-handed man, and GL, a 50-year-old right-handed woman, suffer from somatosensory deafferentation (IW since age 19 years, GL since age 31 years) with a complete loss of cutaneous and kinesthetic (joint position and movement) sensibility for large parts of the body. Pain and temperature sensation are spared and there is no motor nerve impairment (for case details, see [10, 12] ).
Apparatus and stimuli
Participants were seated at a table with the computer controlling the experimental procedure (Personal Computer, Compaq Presario 1630, Hewlett Packard Company, Palo Alto, California, USA) and the tapping device, a contact key mounted on a wooden board. In all experimental conditions, an auditory pacing signal (1000 Hz, 80 dB, duration 10 ms; inter-onset interval 600 ms) and white noise (20 dB) were presented binaurally via headphones (Audio-Technica ATH-A5, Audio-Technica, Wiesbaden, Germany). The participants' tapping movements were recorded by a video camera and projected on-line to a video screen.
Procedure
Participants were instructed to produce regular tapping movements of the index finger of their dominant hand in synchrony with an auditory pacing signal. The palm and the other fingers rested on the board. For the two deafferented participants, the hand was fixed to the board via Velcro straps; this prevented the hand from losing contact with the tapping device, but did not interfere with natural tapping movements. The tapping key was positioned behind a board occluding the tapping hand and arm. In conditions with visual feedback, the participants were instructed to visually monitor their movements by watching their movements on the video screen. To minimize transfer effects, the four experimental conditions were applied in the following constant order: no-vision, touch, movement, and full vision.
Results
Data analyses in each trial started with the fourth interval of the pacing signal, leaving out the first intervals required to pick up the beat. The asynchrony between the onset of each finger tap and the corresponding signal tone was computed for each tap and averaged for the tapping sequences; negative asynchronies indicate that the tap precedes the signal tone. In the age-matched controls, 1.4% of the trials were excluded from data analyses because of large variability in performance; none of the trials were excluded in the student controls or in the deafferented participants.
An analysis of variance (ANOVA) of the patient data with the factors visual information and participant revealed a main effect of visual information (f(3,12)¼10.0, p¼0.001), demonstrating a systematic effect of feedback on the size of the asynchronies. In all conditions, the two patients showed negative asynchronies. The synchronization error was rather large in the no-feedback and the partial-feedback conditions (average À96.13 ms) and was considerably reduced when full vision was available (average À49.13 ms). No main effect was observed for participants ( p40.17), indicating comparable performance of the two patients. An interaction of the two factors was observed (f(3,12)¼8.54, p¼0.003), which was reflected in a larger size of the negative asynchronies in IW than in GL in all feedback conditions except for the touch condition (in this latter condition, the numerically larger asynchrony of GL, however, did not significantly differ from that of IW, t(8)¼1.94, p¼0.088).
Data of control participants were analyzed in an ANOVA with the factor visual information, addressing the two age groups as a between-subjects variable. In contrast to the patients' results, the significant main effect of visual information (f(3,57)¼7.62, po0.001) reflected smallest negative asynchronies in the no-feedback condition. Pairwise testing revealed differences between the no-feedback condition and all other conditions (p-values o0.008), but no differences among the three conditions with partial or full feedback (p-values 40.440). The size of the asynchronies was not affected by the age-group (p¼0.404), so that results of the control groups were pooled. Results are summarized in Table 1 .
Most importantly, the comparisons between the performance of deafferented and control participants revealed differences between groups in the no-vision condition 
Discussion
The present study demonstrated large effects of visual feedback on the size of the synchronization error in participants with severe proprioceptive loss. In contrast to unimpaired controls, IW and GL showed large asynchronies when no or partial feedback was available. Only under full vision was the synchronization error of the patients comparable with that of unimpaired controls, suggesting a compensation of proprioceptive loss by visual monitoring of the movements (visual proprioception). Interestingly, when only partial visual information was available (touch or movement condition), neither of these types of information alone seemed to be sufficient to systematically reduce the timing error in the two deafferented patients. In control participants, the availability of (partial or full) visual feedback does not seem to help reduce the timing error; in contrast, the size of the negative asynchronies slightly increased compared with the no-feedback condition. This latter finding may reflect problems of the controls in exploiting the visual cues. Although the explicit instruction to visually monitor the movements increased the comparability between control participants and patients, it may have forced controls to attend more strongly to the visual information than they would normally do (especially under incomplete vision). In contrast, in deafferented patients the visual monitoring may reflect an easy and natural requirement, because they have long-lasting experience in exploiting visual cues for the control of movements. In healthy participants, the negative asynchrony is a stable finding, for which practice effects were neither observed during the present experimental conditions nor elicited in previous investigations [13] .
In the following paragraphs, we will relate the findings of the present study to explanatory accounts of the asynchrony effect by discussing three questions in more detail: Why are the patients able to do the task at all in the absence of any feedback? Why are their synchronization errors so large in the absence of feedback? and Why do patients exploit visual information whereas controls do not?
One relevant assumption in accounting for the asynchrony effect is that the synchronization task does not only involve anticipatory timing in the generation of the tap but also the anticipation of the respective tone of the pacing signal. According to one group of explanatory accounts (see [9] for a review), synchrony is established by bringing to coincidence the anticipated time of the tap with the anticipated time of the tone. This type of account opens the possibility that synchronization performance of both deafferented and healthy participants does not primarily rely on coincidence between the perceived tones and taps, but rather between anticipated tones and taps. An account like this could explain the finding from the present study that the two deafferented participants are able to consistently perform the task in the absence of any sensory feedback from the tap, that is when no sensory information about the time of the tap is available to them (see [12] for related findings). Instead of relying on actual information about the tap, the patients would rely on some internal representation of when the tap occurs. Such representations have been invoked in internal forward models for motor control [14] .
The second question concerning the large size of the patients' synchronization errors in the absence of feedback could be accounted for by assuming a negative timing error as inherent to the anticipatory timing system. In the variant of explanatory accounts proposed here, the anticipated signal tone is assumed to coincide with the physical tone, whereas a substantial negative timing error is assumed in tap generation (to the effect that physical taps occur, on average, earlier than anticipated taps). This setting thus results in an inherent negative timing error between the anticipated and the actual time of the tap.
The final question concerns the observation that patients exploit visual information whereas controls do not. In the case of control participants, the ongoing proprioceptive information available from the physical tap serves to reduce the size of the timing error, whereas visual monitoring of the tapping movement does not seem to provide any useful information. In contrast, the deafferented patients can only rely on visual information, which in the full-vision condition provided information about the entire cycles of finger movements involved in generating the sequence of taps (visual proprioception). This condition could have allowed for a rescaling of the time course of physical tap generation to the time course of tap generation in the system. In more general terms, the smaller synchronization errors can be assumed to rely on a visual updating of the internal model of the limb (for related views in reaching movements, see [15, 16] ).
Conclusion
In sum, the findings support the relevance of visual proprioception in the timing of repetitive movements within the range of milliseconds. Large effects of full visual information on the synchronization errors in the case of proprioceptive loss were observed, suggesting a rescaling of the movements' time course by integrating the temporal information that is provided by visual monitoring.
